Abstract. The feeding behavior of vectors influences the likelihood of pathogen invasion and the exposure of humans to vector-borne zoonotic pathogens. We used multilocus microsatellite genetic typing of an introduced mosquito vector and DNA sequencing of mosquito blood meals to determine the impact of hybrid ancestry on feeding behavior and the emergence of West Nile virus (WNV). The probability of ancestry of Culex pipiens mosquitoes from two bionomically divergent forms, form molestus and form pipiens, influenced the probability that they fed on humans but did not explain a late summer feeding shift from birds to humans. We used a simple model to show that the occurrence of pure form molestus mosquitoes would have decreased the likelihood of WNV invasion (R 0 in bird populations) 3-to 8-fold, whereas the occurrence of pure forms pipiens mosquitoes would have halved human exposure compared with the hybrids that are present. Data and modeling suggest that feeding preferences may be influenced by genetic ancestry and contribute to the emergence of vector-borne pathogens transmitted by introduced species, including malaria, and dengue, Chikungunya, yellow fever, and West Nile viruses.
INTRODUCTION
Exposure of humans to multi-host zoonotic vector-borne pathogens is determined by the feeding patterns of the vectors. 1 Different vector species are well known to have different host feeding patterns, 2, 3 and genetically distinct populations of a single species sometimes show varying levels of attraction to humans. [4] [5] [6] Strong links between genetic ancestry and feeding preferences may have important implications for the transmission of pathogens vectored by introduced species, which often show different genetic backgrounds compared with the populations of origin in their native range. 7, 8 In turn, the feeding behavior of introduced vector populations may facilitate or inhibit the transmission of pathogens to humans, depending on the competence of humans and other hosts for the pathogen and the probability of feeding on each host. A number of significant pathogens, including malaria, and yellow fever virus, dengue virus, and West Nile virus (WNV) have been introduced outside their endemic range where they are transmitted by introduced vectors.
9,10
Culex pipiens is a principal vector of WNV in the northeastern and northcentral United States 11, 12 and Europe 13 and has been introduced throughout the world inadvertently by human transport.
14 It has two distinct forms in Northern Europe: form pipiens and form molestus. 15 Although conclusive evidence has been lacking, the two forms are thought to have different host preferences 16 and therefore different vectorial capacities. Form pipiens is thought to feed mainly on birds and form molestus mainly on mammals, especially humans. 17 The two forms have been shown to be genetically isolated in Northern Europe, but there is clear evidence of hybridization in North America.
14 In addition, Culex quinquefasciatus, a tropical to sub-tropical species that is ubiquitous in southern North America, hybridizes extensively with both forms of Cx. pipiens across a broad latitudinal zone creating an extraordinarily complex genetic background. 14, 18 Cx. quinquefasciatus is known to bite both mammals and birds in significant proportions. 19, 20 It has been proposed that the mixed mammal and avian feeding habits of North American Cx. pipiens 16, [21] [22] [23] result from the mixed ancestry of temperate populations of this species.
14 Subsequently, it was shown that Cx. pipiens in the mid-Atlantic exhibit a feeding shift from feeding primarily on birds in early summer to feeding on humans nearly a third of the time in fall. 23 These authors proposed that the feeding shift most likely resulted from changes in the availability of Cx. pipiens' preferred avian host, American robins (Turdus migratorius). However, they also acknowledged that a shift in genetic composition toward populations with higher Cx. pipiens form molestus ancestry, with the corresponding changes in propensity to feed on humans, could explain the shift independently of host availability. Here we present the results of a genetic analysis using microsatellite markers of the same mosquitoes examined previously from Washington, DC, and Maryland 23 to investigate whether genetic predisposition influences the propensity of Cx. pipiens mosquitoes to feed on humans and other mammals. We used models to examine the general impact of feeding patterns of vectors that feed on both humans and another host on the invasion of pathogens.
MATERIALS AND METHODS
We collected engorged mosquitoes from six urban, residential, and park sites in Washington, DC, and Maryland in 2004 and 2005 using CDC light and gravid traps and by aspirating mosquitoes using a large backpack mounted aspirator. The urban sites were 1) the National Mall in Washington, DC, between 7th and 12th Streets, 2) ∼350 24 We identified the source of blood meals using PCR to amplify DNA from the cytochrome B gene using class specific primers and sequenced the resulting product and matched it to known sequences on GenBank by conducting a BLAST search to identify the host. 22 We attempted to determine the genetic ancestry of all the mosquitoes from the previous analysis, but because of degradation of the DNA in 12 specimens, we were only able to include 136 of the 148 blooded mosquitoes originally examined (all were collected in 2004), which left only two samples from one of the sites, Fort Dupont Park. As a result, we removed Fort Dupont Park from the site comparisons, leaving five sites. To increase the power of our analysis, we examined the feeding and genetics of an additional 38 engorged Cx. pipiens collected from the same sites in 2005, using identical methods. The results of the analyses presented below are qualitatively identical if we restrict our sample to the 136 from 2004 or use all 174 specimens from 2004 and 2005, but are statistically stronger using the larger sample. We used these samples both to examine the influence of genetic ancestry on feeding and to test for a shift in genetic composition over the transmission season. To increase our sample size for the latter analysis, we also examined genetic ancestry in an additional group of 110 non-engorged Cx. pipiens collected between 8 June and 28 September 2005 at one of the sites, the National Mall in Washington, DC, for which we do not have feeding data. Finally, because our sampling locations are below or near parallel 39°N, the proposed northern limit of the hybrid zone between Cx. pipiens and Cx. quinquefasciatus, 25 we also examined the influence of Cx. quinquefasciatus ancestry on feeding patterns.
We examined the genetic ancestry of mosquitoes using highly polymorphic microsatellite markers as previously described. 14 We used CQ11F2/R3, CQ26F2/R, CxqGT4F3/R, CxqGT6bF/R, EmmaF/R, CxpGT12F2/R2, and CxpGT46F/R and removed from the analysis CxpGT9F2/R because recent studies have revealed the presence of null alleles in US populations where hybridization of Cx. pipiens with Cx. quinquefasciatus is prevalent (Fonseca and others, unpublished data). Analyses of mosquito families have shown that all the microsatellite loci used in this study are inherited in a mendelian fashion and are not sex-linked. 26, 27 Microsatellite loci were amplified and sized as described previously. 28 We assigned individuals to three clusters (taxa) based on their multilocus genotypes with a maximum likelihood algorithm implemented in the program Structure 2.0. 29 We used 100,000 burn-in steps and 1,000,000 runs with a model of uncorrelated allele frequencies allowing admixture (gamma ‫ס‬ 0.34, calculated at K ‫ס‬ 1). In this analysis, the origin of each specimen is not disclosed, but the number of clusters (K) is decided a priori for each run. We used K ‫ס‬ 3 because we knew from prior analyses that both forms of Cx. pipiens and Cx. quinquefasciatus had significantly distinct genetic signatures.
14 To assess the consistency of the analysis, we performed an exhaustive comparison of 10 runs scoring the similarity coefficient described in Rosenberg and others. 30 We also included pure populations of Cx. pipiens form pipiens (16 specimens from Nonnenweier and Altrip, Germany), Cx. pipiens form molestus (12 from Wiesbaden and Altenheim, Germany and 12 from Philadelphia, PA), and Cx. quinquefasciatus (12 from the Cayman Islands and 12 from Archer, FL) in the multilocus genotype analyses as benchmarks. Details on how these pure populations were evaluated for membership in each taxa are given elsewhere. 14, 28, 31 We determined the effect of feeding on humans instead of other hosts on disease emergence by using an expression for the population growth ratio of a vector-borne pathogen, R 0 , (adapted from 32, 33 ),
In this expression, a is the vector biting rate, b and c are the probabilities of hosts and vectors becoming infected after contact with an infectious vector or host, respectively, m is the vector-to-host ratio, r is the reciprocal of the host infectious period, and is the mosquito mortality rate. Because humans do not generate infectious viremias and are therefore deadend hosts, 34 feeding on humans with probability F h reduces the biting rate a on amplification hosts by a factor 1 − F h , and decreases R 0 by (1 − F h ). 2 Below we explore the impact on R 0 of different values of a, as influenced by vector genetics and temporal trends in feeding behavior.
RESULTS
The probability that mosquitoes fed on humans and mammals (including humans) increased with the fraction of Cx. pipiens form molestus ancestry based on microsatellite analysis [humans, logistic regression with each mosquito as a data point: const. ‫ס‬ −2.91; coeff. ‫ס‬ 2.73 ± SD 0.76; N ‫ס‬ 174; P < 0.001 ( Figures 1 and 2) ; mammals, logistic regression: const. ‫ס‬ −2.53; coeff. ‫ס‬ 2.35 ± 0.72; N ‫ס‬ 174; P ‫ס‬ 0.001; Figure 1 ]. There was no indication of a threshold response between ancestry and feeding on humans (Figure 2 ). The probability that mosquitoes fed on humans and mammals decreased with the fraction of Cx. pipiens form pipiens ancestry (Figure 1 ; humans, logistic regression: const. ‫ס‬ −0.40; const. ‫ס‬ −2.54 ± 0.75; N ‫ס‬ 174; P ‫ס‬ 0.001; mammals, logistic regression: const. ‫ס‬ −0.41; coeff. ‫ס‬ −2.13 ± 0.71; N ‫ס‬ 174; P ‫ס‬ 0.003). However, because the genetic composition sums to 1.0, these results are not independent. The probability of feeding on humans and mammals was uncorrelated with the probability of Cx. quinquefasciatus ancestry (Figure 1 ; P ‫ס‬ 0.44 and 0.34, respectively), which was low (< 1 0%) in most (93.2%) of the sampled mosquitoes.
As we found previously, 23 using an overlapping data set, the probability that mosquitoes fed on humans and mammals increased significantly with date ( Figure 1 ; humans, logistic regression: const. ‫ס‬ −5.64; coeff. ‫ס‬ 0.016 ± 0.008; N ‫ס‬ 174; P ‫ס‬ 0.040; mammals, logistic regression: const. ‫ס‬ −5.79; coeff. ‫ס‬ 0.014 ± 0.007; N ‫ס‬ 174; P ‫ס‬ 0.012). However, the genetic composition of mosquitoes showed no temporal trend over the season (Figure 1 ; % "molestus" ‫ס‬ 0.126 + 0.0001 × date; R 2 ‫ס‬ 0.0%; P ‫ס‬ 0.88; % "pipiens": P ‫ס‬ 0.85; % Cx. quinquefasciatus: P ‫ס‬ 0.85). Analysis of 110 additional non-engorged Cx. pipiens mosquitoes collected from the National Mall in 2005 confirmed that there was no change in genetic ancestry over the season (% "molestus": 0.277 − 0.000780 × date; R 2 ‫ס‬ 1.6%; P ‫ס‬ 0.19; % "pipiens" ‫ס‬ 0.714 + 0.000738 × date; R 2 ‫ס‬ 1.3%; P ‫ס‬ 0.24; % Cx. quinquefasciatus ‫ס‬ 0.0086 + 0.000043; R 2 ‫ס‬ 0.2%; P ‫ס‬ 0.69). We examined the simultaneous effects of genetic background and seasonality on feeding patterns by building a fit-ted regression model containing the probability of ancestry from type molestus, the observed correlation between genetic background and feeding preferences, and the changes in feeding preferences with date (Figure 3 ; const. ‫ס‬ −6.54 ± 1 SD ‫ס‬ 1.87; % molestus coeff. ‫ס‬ 2.80 ± 0.79, P ‫ס‬ 0.001; date coeff. ‫ס‬ 0.018 ± 0.0086, P ‫ס‬ 0.039). The average probability of ancestry from molestus for all mosquitoes examined was 0.146, giving a fitted or modeled probability of feeding on humans of 0.064 in mid-July and 0.17 in mid-September (Figure 3) . The fitted relationship suggests that the probability of pure Cx. pipiens molestus mosquitoes feeding on humans would be 0.43 in mid-July and 0.69 in mid-September, whereas for pure Cx. pipiens pipiens the human-feeding probabilities would be 0.044 in mid-July and 0.12 in mid-September ( Figure 3) .
The genetic predisposition to feed on humans (for WNV, a dead-end host) led to a substantial decrease in the reproductive ratio of the pathogen, R 0 (Figure 3) , which determines the probability of pathogen invasion. 32, 35 The difference in the probability of feeding on humans between pure molestus and pure pipiens mosquitoes in our model resulted in a 2.8-fold reduction in R 0 , in mid-July, and an 8.2-fold difference in mid-September (Figure 3 ).
DISCUSSION
The feeding patterns of vectors play a key role in the transmission of vector-borne pathogens and can determine both the probability of pathogen invasion and the subsequent exposure of each host to the pathogen. 11, [36] [37] [38] Here we have considered the impact of feeding behavior on transmission of vector-borne pathogens that are transmitted between two groups of hosts that may or may not amplify the pathogen and re-infect vectors. This includes a large group of important pathogens that are transmitted by an increasing number of introduced vectors with variability in genetic background and consequent variability in feeding behavior. 39, 40 Our results suggest that the feeding of Cx. pipiens mosquitoes may be influenced by their genetic predisposition. However, the genetic ancestry of our study populations did not change over the season, whereas their feeding patterns did. 
GENETIC INFLUENCES ON VECTOR FEEDING
Together these results reconcile earlier claims and provide empirical support for three hypotheses: 1) host availability plays an important role in Cx. pipiens feeding 23 ; 2) the opportunistic feeding habits of North American Cx. pipiens may result from this mosquito's hybrid ancestry and likely contribute to intensified WNV epidemics 11, 14 ; and 3) North American WNV epidemics are intensified by a shift in the feeding of Cx. pipiens from birds to humans as a result of decreases in the abundance of Cx. pipiens' preferred host, American robins. 22, 23 Evidence of the simultaneous influence of host availability and a mosquito's genetic predisposition on feeding comes from the statistical strength of the data in Figure 2 and the fact that we found mosquitoes of primarily (> 90% probability) pipiens ancestry that fed on humans and other mammals and mosquitoes of primarily molestus ancestry that fed on birds (Figure 1 ). This suggests that although feeding preferences may be influenced by genetics, the feeding patterns of a mosquito are strongly affected by the availability of hosts. Thus, changes in host availability 41 may lead to different patterns of feeding, and this has important implications for the transmission of West Nile virus and other pathogens. Similarly, introduction of vectors and pathogens to new regions 42, 43 may result in vector populations with different genetic backgrounds than the native populations, different feeding preferences, and altered patterns of pathogen transmission.
Finally, we showed how genetically influenced feeding behavior may have significant impacts on the probability of invasion of a pathogen. Increased feeding on humans is likely to decrease R 0 for WNV and other zoonotic vector-borne pathogens for which humans are a dead-end host. At the same time, increased human feeding by infected mosquitoes obviously also results in an increase in human exposure. Thus, feeding on humans can both increase and decrease the transmission of pathogens to humans, with the net impact depending on other aspects of transmission such as vector abundance and survival, and host and vector competence. This contrasts with pathogens where humans are an important amplification host (e.g., malaria, dengue virus), in that feeding on humans increases both the probability of an epidemic and subsequent exposure of humans. Understanding the factors that determine the feeding behavior of vectors is of paramount importance for reducing the impact of disease caused by vectorborne pathogens.
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